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Diplopods (millipedes) are known for their irregular body segmentation. Most importantly, the number of dorsal segmental cuticular
plates (tergites) does not match the number of ventral structures (e.g., sternites). Controversial theories exist to explain the origin of this so-
called diplosegmentation. We have studied the embryology of a representative diplopod, Glomeris marginata, and have analyzed the
segmentation genes engrailed (en), hedgehog (hh), cubitus-interruptus (ci), and wingless (wg). We show that dorsal segments can be
distinguished from ventral segments. They differ not only in number and developmental history, but also in gene expression patterns.
engrailed, hedgehog, and cubitus-interruptus are expressed in both ventral and dorsal segments, but at different intrasegmental locations,
whereas wingless is expressed only in the ventral segments, but not in the dorsal segments. Ventrally, the patterns are similar to what has been
described from Drosophila and other arthropods, consistent with a conserved role of these genes in establishing parasegment boundaries. On
the dorsal side, however, the gene expression patterns are different and inconsistent with a role in boundary formation between segments, but
they suggest that these genes might function to establish the tergite borders. Our data suggest a profound and rather complete decoupling of
dorsal and ventral segmentation leading to the dorsoventral discrepancies in the number of segmental elements. Based on gene expression,
we propose a model that may resolve the hitherto controversial issue of the correlation between dorsal tergites and ventral leg pairs in basal
diplopods (e.g., Glomeris) and is suggestive also for derived, ring-forming diplopods (e.g., Juliformia).
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In terms of both the number of species and the number
of individual animals, the arthropods are the dominating
metazoan group on our planet. Their morphological diver-
sity contributed to their successful conquest of virtually
every habitat. The body of all arthropods is subdivided
into segments. Segmentation, therefore, is a reasonable
target for comparative developmental studies with the goal
of identifying conserved and derived aspects of this
process.
The genetic basis and developmental mechanisms of
body segmentation are studied in great detail in Drosophila
melanogaster where most of the ventral epidermis is sub-
divided into segments by a hierarchic segmentation gene0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: damen@uni-koeln.de (W.G.M. Damen).cascade (reviewed in Klingler and Tautz, 1999; Rivera-
Pomar and Ja¨ckle, 1996). At the top of this hierarchic
cascade are maternal effect genes that control the activity
of gap genes in distinct domains along the anterior posterior
(AP) axis of the embryo. A further subdivision is accom-
plished by the activation of the pair-rule genes in seven
transverse stripes, which form the first sign of a metameric
organization of the Drosophila body. Finally, the activation
of segment-polarity genes results in even further refinement.
These genes, like engrailed (en), wingless (wg), cubitus-
interruptus (ci), and hedgehog (hh), establish and maintain
the parasegment boundaries and at the same time establish
the AP polarity of these segments (Hatini and DiNardo,
2001; Sanson, 2001). Additionally, the cell biology of this
process has been studied in great detail (e.g., Gonzalez et al.,
1991; Greco et al., 2001; Simmonds et al., 2001; Strigini
and Cohen, 2000; Wilkie and Davis, 2001). This has led to
an in-depth insight into the developmental mechanisms of
segmentation in Drosophila that can be used in comparative
studies in other arthropods.
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genes have been studied in other insects as well as cheli-
cerates, myriapods, and crustaceans (Brown and Denell,
1996; Damen, 2002; Damen et al., 2000; Hughes and
Kaufman, 2002; Kettle et al., 2003; Kraft and Ja¨ckle,
1994; Niwa et al., 2000; Patel, 1994; Scholtz, 1997). The
available data suggest that at the level of the segment-
polarity genes the segmentation process is very much
conserved among extant arthropods (Damen, 2002). How-
ever, at the level of the pair-rule genes there seems to be
more diversity and the role of maternal effect gene and gap
gene homologs in non-insect arthropods is unclear.
The mechanisms of segmentation described above appear
to be similar in both the ventral and dorsal epidermis of
Drosophila (Bokor and DiNardo, 1996), but they are not
completely identical. A number of dorsoventral differences
have been described affecting the regulation of pair-rule as
well as segment-polarity genes (Bejsovec and Martinez
Arias, 1991; Buratovich et al., 2000; Carroll et al., 1987;
DiNardo et al., 1988; Jagla et al., 1997). However, despite
these differences in regulation, the expression pattern and
role of these genes seem to be similar in the dorsal and
ventral epidermis and no dorsoventral differences are ob-
served in the number of segmental structures such as dorsal
and ventral exoskeletal plates (tergites and sternites). There
are, however, a few arthropod groups that display marked
dorsoventral differences in the number of segmental struc-
tures, for example, the diplopods. Diplopods (millipedes)
together with pauropods and symphylans comprise the
Progoneata, which is the sister group of the Chilopoda
(centipedes). Progoneates and chilopods together form the
Myriapoda, one of the four extant classes of arthropods.
The myriapod body is subdivided into two tagmata: head
and trunk. The head of diplopods bears the sensory antennae
and two pairs of gnathal appendages (mandibles and max-
illae). The trunk of diplopods can bear up to 350 pairs of
legs, which has earned them their common name ‘‘milli-
pedes’’. Dorsally and ventrally, diplopods are covered with
rigid cuticular armor plates termed tergites and sternites,
respectively. In most arthropods, one segment comprises
one tergite, one sternite, and on the limb-bearing segments,
one pair of limbs. In diplopods, however, the external
morphology reveals that many tergites correlate with two
sternites and two leg pairs. This difference is mostly
attributed to a process called ‘‘diplosegmentation’’, but this
process is far from being understood (see e.g., Emerson and
Schram, 1990; Minelli, 2001; Zrzavy and Stys, 1994). The
correlation of segments, leg pairs, and exoskeletal elements
in diplopods is very complex and is much under dispute
(reviewed and discussed in Wilson (2002)). In any case, the
incongruity of dorsal and ventral segmental structures
indicates their disassociation and suggested to us that the
mechanisms of segmentation might be different on the
dorsal and the ventral side in diplopods. We decided,
therefore, to study the molecular basis of segmentation in
a representative of the Diplopoda, the pill millipede Glom-eris marginata. Glomeris belongs to Pentazonia, which
constitutes a basal taxon in Diplopoda (Dohle, 1996).
Investigating dorsal segmentation in Glomeris not only
can help gain insight into the enigmatic process of ‘‘dip-
losegmentation’’, but also adds to existing comparative
studies of dorsal segmentation in arthropods.
Here we have investigated orthologs of Drosophila
segment-polarity genes that act at the lowest and most
conserved level in the segmentation gene cascade. We
analyzed the expression of engrailed (en), hedgehog (hh),
cubitus-interruptus (ci), and wingless (wg), and detected
substantial differences in gene expression on the dorsal and
the ventral side. Consistent with studies in other arthropods,
we find that the ventral patterns are also conserved in
Diplopoda. By contrast, the dorsal patterns have no coun-
terpart in Drosophila, implying fundamental differences in
the molecular mechanisms underlying dorsal and ventral
segmentation in Glomeris.Materials and methods
G. marginata animals
Adult G. marginata were collected in Reichswald near
Kranenburg (Germany) and the city forest of Cologne
(Germany). The animals were kept at room temperature in
Petri dishes supplied with moist soil and rotting beech
leaves. Under these conditions, the females produce several
eggs that are laid singly surrounded by a protective cover
made of earth. The eggs were collected, removed from their
earth covers, and dechorionated in 2% sodium hypochloride
for 1–2 min.
Cloning of Glomeris genes
RNAwas isolated from a mixture of embryos of different
developmental stages (from about 1 to 14 days after egg
laying) using TRIZOL (Invitrogen). Poly-A RNA (PolyAT-
tract mRNA isolation system III, Promega) was used to
produce cDNA (SuperscriptII first strand synthesis system
for RT-PCR, Invitrogen). Two independent duplicates were
performed for each gene-cloning assay. The primers used to
obtain fragments of engrailed and wingless/Wnt genes have
been published before (Damen, 2002). A fragment of the
Glomeris ortholog of hedgehog was amplified using the
primers hh-fw1 (GTN ATG AAY SAR TGG CCN GG) and
hh-bw1 (AAC CAR TCR AAN CCN GGY TC) in an initial
PCR, and hh-fw2 (CAY TAY GAR GGN MGN GCN GT)
and hh-bw2 (GCN ARN CKN GCN ARC ATN CC) in a
nested PCR. Subsequently, a larger fragment of the Gm-hh
gene was obtained by 3V and 5V RACE PCR. A Glomeris
cubitus-interruptus fragment was obtained using ci-fw
(GAR ACN AAY TGY CAY TGG) and ci-bw (CCR
TGN ACN GTY TTN ACR TG). Sequences were deter-
mined from both strands on an ABI-377XL or ABI-3100
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dye-terminators (Perkin-Elmer). The sequences are available
under accession numbers AJ616904 (Gm-en), AJ616907
(Gm-wg), AJ616909 (Gm-Wnt7), AJ616908 (Gm-Wnt5),
AJ616906 (Gm-ci), and AJ616905 (Gm-hh).
Sequence analysis
For the similarity analysis, we searched GenBank
(Benson et al., 2003) using the pairwise alignment pro-
gram Gapped BLAST (Altschul et al., 1997). Alignments
were produced based on the BLOSUM 62 residue com-
parison matrix (Henikoff and Henikoff, 1992) and gap
costs at 11 for existence and 1 for extension. For the
phylogenetic analysis sequences were aligned using the
multiple alignment program Clustal X (Thompson et al.,
1997). The alignments were calculated from the blocks
substitution matrix BLOSUM 62 using gap costs at 20 for
existence and 0.2 for extension. The resulting alignments
were then subjected to maximum likelihood analysis
using the Quartet Puzzling Method (Strimmer and von
Haeseler, 1996) as implemented in PAUP* 4.0b10 (Swof-
ford, 2002).
In situ hybridization and cell nuclei staining
Glomeris embryos were fixed in a formaldehyde–hep-
tane mixture (1:15) for 2–6 h. The vitelline membrane was
removed manually with Dumont-5 forceps. The in situ
protocol follows in principle the steps described by Tautz
and Pfeifle (1989), with some minor modifications (Prpic
and Tautz, 2003). We used DIG-labeled RNA probes. In our
hands, the size of the probes should be longer than 250
nucleotides. Cell nuclei were made visible using DAPI.
Incubation in 1 Ag/ml DAPI in PBST for 1 h was followed
by extensive washes in PBST. Embryos were analyzed as
whole mounts under a Leica dissection microscope
equipped with an Axiocam (Zeiss). Brightness, contrast,
and color values were corrected in all images using the
image processing software Adobe Photoshop (Version 5.5
for Apple Macintosh).Results
Germ band development in G. marginata
The embryonic development of the millipede G. margin-
ata (Myriapoda, Diplopoda) has been described by Dohle
(1964, 1974). In spring and early summer, the females of
Glomeris continuously lay eggs of about 0.8-mm diameter,
which they encapsulate as singletons with a protective shell
of soil and leave on the ground. Thus, the exact point in time
when the egg is deposited is not known for a given egg.
Therefore, a straightforward staging was not possible.
Rather, we collected and fixed embryos at different timeintervals and we studied germ band morphology, cell nuclei
distributions, and segment addition using the nuclear dye
DAPI and the segment marker gene engrailed. Subsequent-
ly, the embryos were arranged into a developmental series
and assigned to several developmental stages (Fig. 1). Our
staging is based upon the staging of Dohle (1964), but is
refined in several instances to reflect better the stepwise
addition of segments.
In the youngest embryos available, an accumulation of
nuclei, the cumulus, is visible at the posterior end of the
embryo (stage 0 or cumulus stage); the remaining nuclei of
the blastoderm are distributed evenly across the egg
surface (Figs. 1A and 2A). Shortly after (stage 0.1), the
blastoderm undergoes further differentiation and the so-
called regio germinalis and regio dorsalis (Dohle, 1964)
are recognized (Fig. 1B). The regio germinalis has a
higher density of nuclei and displays expression of en-
grailed stripes of the prospective mandibular and first
trunk segment (Figs. 1B and 3A); the regio dorsalis
consists of tissue that will not contribute to the embryo
proper, but becomes extra-embryonic tissue. At the anterior
end of the regio germinalis, an accumulation of cells is
visible that indicates the developing head lobes (Fig. 1B,
arrow). During further development (stage 0.2–0.5; Figs.
1C–F), the position of the additional segments becomes
visible, defined by engrailed expression. At stage 0.2, the
engrailed expression becomes detectable in the antennal
segment and in the maxillary segment, while an additional
engrailed stripe becomes visible within the cumulus (Figs.
1C and 3B). The cumulus now becomes the so-called
growth or proliferation zone, and during further develop-
ment, new segments proliferate from this area. At stage
0.3, engrailed expression starts appearing in the primordi-
um of the postmaxillary segment (Figs. 1D and 3C),
reaching full expression strength at stage 0.4 (Fig. 1E).
During stages 0.3 and 0.4, a second row of cells in the
proliferation zone weakly expresses engrailed, indicating
the presence of now two segment primordia in the prolif-
eration zone (summarized in Fig. 2B). At stage 0.4, the
subdivision of the developing embryo into regio germina-
lis, regio dorsalis, and proliferation zone is very clear (see
insert in Fig. 1E). At stage 0.5, the premandibular en-
grailed stripe in-between the stripes of the antennal and
mandibular segment appears, and at the posterior end the
proctodaeum starts to invaginate (Fig. 1F). Using engrailed
expression as a marker, we can now discern seven meta-
mere primordia: the primordia of the antennal, premandib-
ular, mandibular, maxillary, postmaxillary, and first trunk
segment that have been formed in the regio germinalis and
the primordium of the second trunk segment that has been
segregated by the proliferation zone. The six segments that
form within the regio germinalis are thus of different
developmental origin than the following segments, which
all are segregated from the proliferation zone. Another
remarkable point is that the sequence of appearance of the
engrailed stripes in the regio germinalis is irregular, but
Fig. 1. Germ band formation and segmentation in G. marginata embryos. Embryos are stained for the segmental marker engrailed (in situ hybridization, dark
stripes) and counter-stained with DAPI (nuclear dye, bright staining). (A) Blastoderm-stage (stage 0) embryo with accumulation of cells forming the cumulus
(cu); top left explanatory drawing. (B) Stage 0.1, mandibular and first thoracic segment become visible by engrailed expression; formation of head lobes
(arrow) and beginning subdivision of the embryo into regio germinalis, regio dorsalis, and proliferation zone. (C) Stage 0.2 embryo, antennal and maxillary
segments become visible by engrailed expression, while the engrailed stripe corresponding to the future T2 segment appears within the proliferation zone
(arrow). (D) Stage 0.3 embryo, appearance of engrailed stripe of postmaxillary segment. (E) Stage 0.4 embryo, two engrailed stripes (of future T2 and T3)
present in the proliferation zone (arrows). The subdivision into regio germinalis, regio dorsalis, and proliferation zone is now very prominent (see also
explanatory drawing). (F) Stage 0.5 embryo, premandibular segment becomes visible, defined by engrailed expression; proctodaeum (p) forms. (G) Stage 1
embryo, left – right contraction starts, T2 segment buds off from the proliferation zone. (H) Stage 1.1 embryo, left – right contraction continues. (I) Stage 1.2
embryo. (J) Stage 2 embryo. Stomodaeum (s) forms. (K) Extension of dorsal tissue in stage 3 embryo. The maxillary and postmaxillary segments (arrows) as
well as trunk segments 1–4 (arrowheads) extend separate dorsal tissue. Also, the proliferation zone has developed dorsal tissue. Note that the engrailed stripe
of the prospective trunk segment 5 extends across the ventral and dorsal tissue (asterisk). (L) In stage 4 embryos, the dorsal extensions of maxillary and
postmaxillary segment have joined (arrow); asterisk marks the fifth trunk segment. (M) Stage 4.1 embryo. (N) Stage 5 embryo. Trunk segments 5 and 6 as well
as prospective trunk segments 7 and 8 share common dorsal tissue (brackets). (O) Stage 6 embryo with full complement of ventral embryonic segments (arrow
denotes engrailed stripe of eighth trunk segment). The dorsal tergite boundary constrictions (arrowheads) coincide with engrailed expression. (P) Stage 6.1
embryo with an additional stripe dorsal to the proctodaeum (arrowhead). Anterior is towards the left in all embryos. Abbreviations: cu, cumulus; oc, optic lobe;
an, antennal segment; pmd, premandibular segment; md, mandibular segment; mx, maxillary segment; pmx, postmaxillary segment; T1, first trunk segment; p,
proctodaeum; s, stomodaeum; rg, regio germinalis; pz, proliferation zone; rd, regio dorsalis.
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(Fig. 3D), whereas the remaining engrailed stripes are
added sequentially from the proliferation zone.During stages 1–1.2 (Figs. 1G, H, and I), the germ band
contracts along the left–right axis, the third trunk segment
segregates from the proliferation zone, and intersegmental
Fig. 2. Schematic summary of germ band segmentation in the diplopod Glomeris. The rectangles represent ventral views of Glomeris embryos with anterior to
the top. Expression of engrailed is indicated with dark grey bars or hatching (weaker expression). (A) In stage 0, the embryo consists of undifferentiated
blastoderm (bd) and the cumulus (cu). (B) The bd differentiates into a ventral (‘‘V’’) portion (regio germinalis) and an extra-embryonic (‘‘E’’) portion (regio
dorsalis) at stage 0.4. The cumulus transforms into the proliferation zone (pz) and produces additional segments. (C) Segments are added from the proliferation
zone during the following stages (e.g., stage 1.2). (D) At stage 3, true dorsal tissue (‘‘D’’) is added to the proliferation zone and most of the anteriorly adjacent
blastoderm, except for the procephalon (pc) and the first three segments. (E) At stage 5, the dorsal tissue is present all along the anterior–posterior axis of the
embryo. Abbreviations: an, antennal segment; pmd, premandibular segment; md, mandibular segment; mx, maxillary segment; pmx, postmaxillary segment;
T1 to T6, trunk segments 1–6.
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2, a new stripe of engrailed expression appears within the
proliferation zone. In addition, the stomodaeum invaginates
and the limb buds start developing in the antennal and
mandibular segment (Fig. 1J). At stage 3, also the limb buds
of the first three trunk segments appear (Fig. 1K). Most
importantly, stage 3 denotes the introduction of true dorsal
tissue (Figs. 1K and 2D). The germ band as well as the
proliferation zone hitherto consisted only of ventral tissue.
Now at stage 3, the segments start extending tissue towards
the dorsal side. The trunk segments 1–4 grow separate
dorsal extensions (Fig. 1K) while the maxillary and post-
maxillary segments initially develop separate dorsal exten-
sions (Fig. 1K), but later develop their dorsal portion
together (Fig. 1L, arrow). These extensions are termed
lateral plates (Dohle, 1964), and during subsequent devel-
opment, they will expand dorsally and will finally fusealong the dorsal midline during dorsal closure. The lateral
plates, despite their name, thus represent true dorsal tissue.
Also the proliferation zone develops a dorsal component at
stage 3 (Fig. 1K). This alters significantly the quality of the
segments it segregates during the following stages: they are
given off fully equipped with ventral and dorsal ectoderm.
Thus, for these segments (trunk segment 5 and following),
there is no need to extend lateral plates as is required for the
older segments. The dorsal extension of tissue in the
procephalon, antennal, premandibular, and mandibular seg-
ment is delayed and becomes obvious only at later stages
(see Fig. 1N).
At stage 4, the lateral plates have developed considerably
(Fig. 1L). At stage 4.1, 11 segments have formed (antennal
to trunk segment 6), and one additional segment primordi-
um is present in the proliferation zone as evidenced by
expression of engrailed (Fig. 1M). Germ band elongation is
Fig. 3. Anterior Gm-en stripes appear in a complex stereotyped sequence. (A–C) G. marginata embryos stained for Gm-enmRNA at stage 0.1 (A), 0.2 (B), and
0.3 (C). (D) Summary of the temporal appearance of stripes of Gm-en expression in regio germinalis. The circles denote the presence of expression in a given
segment. For abbreviations, see Fig. 2.
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starts to bend in (Fig. 1N). At stage 5, the dorsal regions of
trunk segments 5 and 6 are joined together; this joint lateral
plate of trunk segments 5–6 resembles very much the lateral
plates of trunk segments 1–4, although it has another
developmental history. Also trunk segments 7 and 8 develop
a joint dorsal region (Fig. 1N, summarized in Fig. 2E). At
stage 6, the eighth trunk segment, the last embryonic
segment, is formed and the embryo is rolling in (Fig. 1O).
Additional segments form postembryonically, a process that
is known as anamorphosis (Enghoff et al., 1993). On the
dorsal side metameric constrictions appear, coinciding with
the cells expressing engrailed (Fig. 1O). These constrictions
demarcate the boundaries of the developing tergites. At
stage 6.1, the embryo is rolled in completely, and head
and anal valves are in close contact (Fig. 1P). The dorsal
tergites are clearly visible.
Gene cloning and sequence analysis
cDNA fragments of genes orthologous to Drosophila
engrailed (en), hedgehog (hh), cubitus-interruptus (ci), and
wingless (wg) have been amplified and their orthology was
verified by similarity analysis and phylogenetic analysis
(data not shown). We recovered a 286-bp fragment (six
clones sequenced) with high similarity to engrailed genes
from Drosophila and other metazoans. The fragment, des-
ignated as Gm-en, encodes a 95-aa polypeptide. This partial
protein contains a part of the EH2 domain plus the EH3
domain, the homeodomain, and a part of the EH5 domain
(Fig. 4).
We have recovered three different fragments with high
sequence similarity to members of the Wnt gene family. Onefragment is 385 bp long (four clones sequenced) and
robustly clusters together with Drosophila wingless and
other metazoan Wnt1 class genes in a phylogenetic analysis.
This fragment unambiguously represents the wg/Wnt1
ortholog from Glomeris and we therefore designate the
gene from which the fragment derives as Gm-wg (Fig. 4).
The second fragment (312 bp; one sequenced clone) is
presumably derived from the Glomeris Wnt7 ortholog
(Gm-Wnt7); the third fragment of 276 bp (14 clones
sequenced) is presumably derived from a Glomeris Wnt5
ortholog (Gm-Wnt5). However, both the similarity analysis
and the phylogenetic analysis did not produce unambiguous
results and the correlations in the phylogenetic analysis were
not statistically significant (reliability values below 50).
Further sequence information is required for an unambigu-
ous orthology assessment of both Wnt gene fragments,
however they most likely represent the Glomeris Wnt5
and Wnt7 gene. Our screen for Glomeris Wnt genes is not
exhaustive and we expect additional Wnt genes to be present
in the Glomeris genome.
Fragments of two additional genes were obtained. A 426-
bp fragment designated as Gm-ci (8 clones sequenced)
shows high similarity to ci from Drosophila and Gli genes
from vertebrates (Fig. 4). Further, we recovered 1715 bp of
sequence that displays a high similarity to hedgehog genes
(Fig. 4; six clones sequenced). The sequence is incomplete
at its 5V end and contains a 511 aa open reading frame (from
nt 1–1538) followed by 177 nt of 3V UTR. At the 3V end a
poly-A sequence is present, preceded by a polyadenylation
signal. The conceptual translation results in a polypeptide
containing an amino-terminal signaling domain (Fig. 4) and
a Hint module. In addition, a hydrophobic region
(VLLAVVLLVLVL) located N-terminal to the signaling
Fig. 4. Alignment of engrailed, wingless, cubitus-interruptus, and hedgehog sequences. Homologs from different protostomes and mouse are aligned with the
available G. marginata gene fragments. In the engrailed sequences, conserved domains (as defined by Duboule (1994)) are shown in different shades of gray.
The Ci/Gli fragments consist of the complete zinc fingers ZF2 to ZF4 and parts of the zinc fingers ZF1 and ZF5; shading denotes the individual zinc fingers.
Only the amino-terminal signaling domain of the Hedgehog proteins is shown. Accession numbers: Gm-EN (CAE83645); La-EN (AAL36903); Cs-EN1
(CAA07503); Dm-EN (P02836); Tc-EN (AAB30811); Mm-En-1 (P09065); Gm-WG (CAE83648); La-WG (AAL36911); Cs-WG (CAC87040); Tl-WG
(AAC32377); Dm-WG (NP_523502); Tc-WG (S41156); Mm-Wnt1 (XP_128048); Gm-CI (CAE83647); Cs-CI (CAC87042); Dm-CI (P19538); Mm-Gli3
(NP_032156); Gm-HH (CAE83646); Gb-HH (BAB19658); Dm-HH (NP_524459); Hr-HH (AAM70491); Pv-HH (AAM60752); Mm-Shh (NP_034674).
Dashes denote identical amino acids, dots indicate gaps introduced to improve the alignment. ‘‘##’’ indicates sequence omissions for reasons of clarity of
presentation. Species abbreviations: Cs, Cupiennius salei (spider); Dm, Drosophila melanogaster (fly); Gb, Gryllus bimaculatus (cricket); Gm, G. marginata;
Hr, Helobdella robusta (leech); La; Lithobius atkinsoni (centipede); Mm, Mus musculus (mouse); Pv, Patella vulgata (gastropod); Tc, Tribolium castaneum
(beetle); Tl, T. longicaudatus (tadpole shrimp).
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for other Hedgehog proteins (Tabata et al., 1992). In a
phylogenetic analysis, the protein clusters with Drosophila
HH and the corresponding gene is therefore designated as
Gm-hh.
Differences in dorsal and ventral expression of the Gm-en
gene
The sequence of appearance of Gm-en stripes has already
been given above. Here we describe additional aspects of
Gm-en expression, mainly focusing on dorsal–ventral dif-
ferences in the expression. After the appearance of inter-
segmental grooves (around stage 1), it becomes obvious that
the Gm-en transcripts are in the posterior part of the seg-
ments. In these stages, Gm-en is expressed in the ventral
tissue only because no dorsal tissue is present yet. At stage
3, the dorsal tissue develops on both the segments and the
proliferation zone (Figs. 1K, 5A and B). The dorsal exten-
sions of the maxillary–postmaxillary segment and the first
to fourth trunk segments do not immediately express Gm-enat stage 3, but Gm-en expression is first visible at stage 4
when it appears de novo in the lateral plates of trunk
segments 1–4 (Figs. 5C and D). Somewhat later (stage 5),
Gm-en also appears very weakly in the dorsal extension of
the maxillary–postmaxillary segment (Figs. 5E and F). The
expression in these dorsal extensions is discontinuous with
the ventral expression and is shifted in relation to it to the
anterior (Figs. 5G and H). In contrast, the dorsal region of
the proliferation zone immediately expresses Gm-en as soon
as the proliferation zone forms the dorsal tissue from stage 3
onwards (Figs. 5A and B). This dorsal Gm-en expression in
the proliferation zone forms continuously with the ventral
Gm-en expression of the future ventral trunk segment 5
(Figs. 5C and D). However, at stage 5, this stripe of Gm-en
expression splits into a dorsal and a ventral component,
which are discontinuous (Figs. 5G and H). The next stripe
of engrailed expression (corresponding to trunk segment 6)
is only present ventrally and no corresponding dorsal
expression is visible (Figs. 5C–F). Within the proliferation
zone, the next segment primordium (trunk segment 7) is
denoted by expression of Gm-en again in a continuous stripe
Fig. 5. Differences in dorsoventral expression of the Glomeris engrailed gene. (A, C, E, and G) Bright field picture and (B, D, F, and H) epifluorescent image of
the same embryos counterstained with DAPI. (A and B) Stage 3 embryo. Dorsal extensions start forming on segment T1–T4 (arrowheads), Gm-en expression
is not yet present in this dorsal tissue, but is restricted to the ventral part. In contrast, Gm-en extends into the dorsal portion of the proliferation zone (arrow). (C
and D) Detail of the posterior trunk segments of a stage 4 embryo. De novo Gm-en expression in the dorsal extensions (arrowheads) and continuous
dorsoventral expression at the level of the fifth trunk segment (arrow). Asterisk marks expression in the proctodaeum. (E and F) Stage 5 embryo. The
expression in the ventral trunk segment 6 has no dorsal counterpart (arrow), whereas expression in prospective trunk segment 7 is extending into the dorsal
tissue (arrowhead). Detail of the embryo shown in E. The ventral expression in trunk segment 5 and its dorsal counterpart becomes discontinuous (arrowhead);
at earlier stages this expression was continuous (see C). Anterior is towards the left in all embryos. For abbreviations, see Fig. 1.
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proliferation zone similar for trunk segment 5 (Figs. 5E and
F), while at stage 6 the Gm-en expression in the presumptive
trunk segment 8 is present in the ventral portion only,
similar for trunk segment 6. Thus from ventral trunk
segment 5 onwards, engrailed is expressed in the dorsal
portion of alternating ventral segments only. At stage 6, the
full embryonic complement of Gm-en stripes is expressed.
Ventrally, transcripts of Gm-en are present in the posterior
portion of all segments. By contrast, on the dorsal side Gm-
en is expressed in a stripe of cells roughly in the middle of
the morphologically visible units (dorsal segments).
Apart from the metameric stripes, Gm-en is expressed in
two further structures. Starting with stage 0.5, Gm-en is
expressed in a short stripe in the optic lobe (e.g., Fig. 5A). A
small patch of expression is also observed around the
proctodaeum (Figs. 5C and D).
Dorsal Gm-en stripes coincide with tergite borders
Dorsal and ventral segmental units thus do not corre-
spond in a one-to-one manner. Rather, one dorsal unit can
correspond either to one ventral unit or to two ventral
units. Because of this, the correlation of dorsal and
ventral Gm-en stripes is complex. Gm-en stripes on the
ventral side of trunk segments 1–4 do have dorsal
counterparts, but these appear to be shifted. The ventral
Gm-en stripes in trunk segments 5 and 7 have direct
(non-shifted) dorsal counterparts, whereas the ventral Gm-en stripes in trunk segments 6 and 8 do not have any
corresponding part on the dorsal side. Also the dorsal
Gm-en stripe in the maxillary–postmaxillary segment is
neither continuous with the ventral Gm-en stripe in the
maxillary segment nor with one in the postmaxillary
segment.
While the ventral Gm-en stripes at stage 6 are located
adjacent to the ventral segment boundaries, the dorsal Gm-
en stripes coincide with the boundaries between the forming
dorsal exoskeletal elements (tergites) rather than with the
boundaries between dorsal segments (Figs. 1O and P). The
first dorsal Gm-en stripe (the weak stripe in the dorsal
portion of the maxillary–postmaxillary segment) demar-
cates the posterior end of the head capsule. The following
six Gm-en stripes coincide with the edges of the six tergites.
The last dorsal stripe is located dorsal to the proctodaeum
and just anterior to the anal valves (Fig. 1P). Although no
morphological unit corresponding to a tergite is present yet
at this location, this stripe probably indicates the posterior
edge of the developing seventh tergite, which is present in
freshly hatched Glomeris.
Expression of the Gm-hh gene
Gm-hh is expressed in a segmentally iterated pattern,
very similar to Gm-en. At early stages, Gm-hh is
expressed in stripes in the ventral ectoderm in the
posterior part of the segments (Fig. 6A). In stage 3
embryos weak stripes of Gm-hh also become visible in
Fig. 6. Expression of hedgehog in G. marginata embryos. (A) Stage 1.2 embryo, ventral Gm-hh expression. (B) Stage 3 embryo with first appearance of dorsal
Gm-hh transcripts (arrowheads). (C) Stage 4 embryo. Dorsal Gm-hh expression clearly visible now (arrowheads), while ventral expression starts to vanish in
the anterior segments (arrow). (D) Stage 5 embryo. Weak dorsal Gm-hh expression becomes visible in the dorsal portion of the maxillary–postmaxillary
segment (black arrowheads). The Gm-hh stripe of the sixth trunk segment does not extend dorsally (white arrowhead), but the Gm-hh stripe of the prospective
seventh trunk segment has a dorsal counterpart (arrow). (E and F) Detail of the embryo in D. Light micrograph (E) and corresponding DAPI staining (F). Gm-
hh is expressed in the middle of the joint dorsal segment of the fifth and sixth ventral trunk segments (T5 and T6) and the Gm-hh stripe in the ventral trunk
segment 6 has no dorsal counterpart (arrowhead), similar as Gm-en. (G) Stage 6.1 embryo with corresponding DAPI picture (H): the forming tergite boundaries
match with the Gm-hh-expression domains (arrowheads). At the posterior end there is an additional stripe of Gm-hh expression (arrowhead in G). All embryos
are orientated with anterior to the left. For abbreviations, see Fig. 1.
R. Janssen et al. / Developmental Biology 268 (2004) 89–104 97the dorsal segmental units adjacent to the trunk segments
1–4 (Figs. 6B and C), and somewhat later also in the
maxillary–postmaxillary segment (Fig. 6D). This hh ex-
pression in the dorsal portions of the maxillary–postmax-
illary segment and trunk segments 1–4 appears de novo,
is discontinuous with the ventral expression, and is in the
middle of the dorsal segmental units. Thus, expression of
Gm-hh is virtually identical to the expression of Gm-en
(compare to Fig. 5). However, in contrast to Gm-en, the
ventral segmental Gm-hh expression does not persist
throughout embryonic development and vanishes from
older segments (Fig. 6C). While the Gm-hh expression
disappears in the ventral segments, it persists in the dorsal
segments and the limb buds, which becomes even more
prominent at stage 5 (Fig. 6D). Identical to the Gm-en
expression pattern, Gm-hh stripes are found in the dorsal
tissue adjacent to the fifth and seventh trunk segments,
but not to the sixth and eighth trunk segments (Figs. 6E
and F). These two dorsal stripes are at first continuous
with the expression in ventral trunk segments 5 and 7, but
soon loose their connection with the ventral stripes of
Gm-hh expression. The expression in the dorsal portion of
the maxillary–postmaxillary segment is weak at all times
(Fig. 6D). Finally, and again similar to the expression
pattern of Gm-en, at stage 6.1, Gm-hh is expressed in an
additional stripe just anterior to the anal valves (Figs. 6G
and H). Similar as Gm-en expression, the dorsal Gm-hh
expression coincides with the tergite borders when they
become apparent at stage 6.Gm-hh is also expressed in other structures. There is
an accumulation of transcripts in the stomodaeum (Fig.
6A), which is not the case for transcripts of Gm-en. Also
a staining of the intestinal tract is visible in stage 5 (Fig.
6D). It is unclear, however, whether this staining is
specific because similar but weaker unspecific staining
in the gut is also seen in some preparations with other
genes. A specific staining would support a role in gut
development, consistent with studies in Drosophila (Hoch
and Pankratz, 1996; Pankratz and Hoch, 1995; Takashima
and Muarakami, 2001) and Gryllus (Inoue et al., 2002).
Finally, Gm-hh is also expressed in the optic lobes,
similar to Gm-en (Fig. 6A).
Expression of wingless and other Wnt genes in Glomeris
embryos
Similar to engrailed and hedgehog, Gm-wg is also
expressed in a segmentally iterated pattern (Fig. 7A). In
contrast to Gm-en and Gm-hh, the Gm-wg gene is expressed
discontinuously in each segment with a gap at the ventral
midline (Fig. 7A). Similar to Gm-hh, the ventral segmental
expression of Gm-wg vanishes in older segments (Fig. 7B).
Therefore, in older embryos, only the newly formed seg-
ments show Gm-wg expression (Fig. 7B). The expression in
the limb buds persists. Expression of Gm-wg was never
detected in the dorsal segments. Double labeling for Gm-en
and Gm-wg shows that Gm-wg is expressed roughly in the
middle of the ventral segments in cells anteriorly adjacent to
Fig. 7. Expression of wingless, Wnt7, and Wnt5 in Glomeris. (A and B) Expression of Gm-wg. (A) Stage 3 embryo. Gm-wg expression is discontinuous at the
ventral midline (arrow). (B) Embryo at stage 5. The anterior Gm-wg stripes fade (arrow), but Gm-wg expression persists in the limb buds. Posterior Gm-wg
stripes are still present. The asterisk in A and B marks the wg expression in the anal pads. No Gm-wg expression is detected in dorsal tissue. (C and D)
Expression of Gm-Wnt7 in stage 4 (C) and stage 5 (D) embryos. In contrast to the Gm-wg stripes, the Gm-Wnt7 stripes are continuous (C, arrow) and do not
vanish in older segments (D, arrowhead). Arrow in D points to Gm-Wnt7 expression in the heart, while the asterisk marks the Gm-Wnt7 expression in the
proctodaeum. No Gm-Wnt7 expression is present in the dorsal segments. (E) Expression of Gm-Wnt5 in the heart (arrow), neuro-ectoderm (asterisk), and brain
(arrowhead) at stage 5. No segmental Gm-Wnt5 stripes are observed. (F–H) Embryo at stage 4.1 doubly labeled for Gm-wg and Gm-en. (F) Expression of wg
(arrow) and en (arrowhead) abut each other. (G and H) Magnified view of embryo in F. (G) The Gm-wg stripes are discontinuous at the midline (asterisk in G
and H) and lie anterior to the continuous Gm-en stripes. (H) DAPI staining of panel G. Using the legs (bracket: second trunk leg) as landmarks, it becomes clear
that Gm-en is expressed in the posterior part of the segments (arrowhead), whereas Gm-wg is expressed in anteriorly adjacent cells, roughly in the middle of the
segments (arrow). All embryos orientated with anterior to the left. T1 indicates the first trunk segment.
R. Janssen et al. / Developmental Biology 268 (2004) 89–10498those cells expressing Gm-en (Figs. 7F–H). Our in situ
hybridization technique would not be able to detect a small
overlap of both genes at the border of their expression, but
judging from the expression in single probe preparations,
we think there is no overlap between expression of Gm-en
and Gm-wg.
Apart from the segmental expression, Gm-wg transcripts
are also located in all appendages of the head and trunk, the
optic lobes, and the proctodaeum. In older stages, two dots
of expression occur in the labrum (Fig. 7B).
In addition to the Gm-wg gene, we also isolated two
other members of the Wnt gene family. As described
above, the orthology assessment of these two Wnt genes
is not completely clear, but one of them might belong to
the Wnt7 class (Gm-Wnt7), while the other one might be
a member of the Wnt5 class of Wnt genes (Gm-Wnt5).
Transcripts of Gm-Wnt7 also accumulate in segmental
stripes approximately in the middle of each ventral
segment (Figs. 7C and D). But in contrast to Gm-wg,
the stripes of Gm-Wnt7 are continuous without a gap at
the midline (Fig. 7C), and this segmental expression
remains throughout development and does not fade in
older segments (Fig. 7D). Like Gm-wg, Gm-Wnt7 never
shows segmental stripes of expression in the dorsal
portion of the germ band, but is expressed in the
primordium of the heart (Fig. 7D). Further, Gm-Wnt7 is
expressed in the proctodaeum, all appendages, and in the
optic lobe (Figs. 7C and D), but not in the labrum.Gm-Wnt5 is expressed in the optic lobes, stomodaeum,
all appendages, the neuroectoderm, and the heart primordi-
um (Fig. 7E). Gm-Wnt5 does not seem to be involved in
segmentation at all because Gm-Wnt5 is never expressed in
segmental stripes in either ventral or dorsal segments.
Expression of the Gm-ci gene
Compared to the distinct patterns of the previous genes,
the expression of Gm-ci is more diffuse. On the ventral side
of younger stage embryos, strong expression is detected in
the anterior part of all segments including the head segments
(Fig. 8A). This expression does not persist (Fig. 8B, arrow),
and in older stages, ventral expression of Gm-ci is restricted
to cells of the central nervous system (Fig. 8C), the
appendages, and younger segments in or near the prolifer-
ation zone.
Remarkably, on the dorsal side, strong Gm-ci expression
is seen in the posterior part of the dorsal extensions of the
maxillary–postmaxillary segment and the four trunk seg-
ments 1–4 (Figs. 8C, F, and G). In the two following dorsal
segments, which on the ventral side correspond to trunk
segments 5–6 and 7–8, respectively, Gm-ci is activated in
the posterior part as well. This dorsal Gm-ci expression is
continuous with the ones in the sixth and eighth ventral
trunk segments (Figs. 8D and H). This posterior pattern
where expression in the dorsal segments corresponds to
ventral expression in every other ventral segment is similar
Fig. 8. Expression of cubitus-interruptus in G. marginata. (A) Segmentally iterated stripes in a stage 2 embryo. (B) Stripes become discontinuous at the ventral
midline and reduce in strength in the older segments (arrow) of a stage 3 embryo. (C) De novo Gm-ci expression in dorsal extensions (arrowheads) in a stage 4
embryo. Transcripts are also located in the neuroectoderm (arrow). (D) Stage 4.1 embryo. Gm-ci stripes of trunk segment 5 and prospective trunk segment 7 do
not extend dorsally (arrows), while the Gm-ci stripe of the sixth trunk segment extends dorsally (asterisk). A detail of this embryo is shown in panel H. (E)
Detail of the posterior end of a stage 3 embryo showing alternating areas with high and very low Gm-ci expression. (F) Quenching of DAPI fluorescence by
color precipitate of the Gm-ci in situ hybridization in the posterior part of the dorsal segments (arrowheads) (stage 4 embryo). (G) Stage 4 embryo, DAPI
fluorescence is quenched in the anterior half of ventral segments (arrowhead) and the posterior half of the dorsal segments (arrow). (H) Detail of embryo shown
in D. All embryos are orientated with anterior to the left. T1, T3, and T6 indicate the first, third, and sixth trunk segments, respectively.
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except that the dorsal expression of en and hh corresponds
with ventral expression in trunk segments 5 and 7, rather
than 6 and 8.
Apart from the segmental expression and the expression
in the developing ventral nerve cord, transcripts of Gm-ci
are also detected in the stomodaeum, the proctodaeum, and
in the brain (see Figs. 8A–D).Discussion
Three distinct populations of segments in Glomeris
The appearance of body segments takes place in distinct
ways in Glomeris. The anterior segments (antennal to first
trunk segment) develop from the regio germinalis, that is,
the tissue in front of the cumulus–proliferation zone.
During a rather short period between stage 0.1 and 0.5,
these six segments form in a stereotyped order almost
simultaneously as the result of a subdivision of the regio
germinalis. The remaining posterior segments segregate
sequentially from the proliferation zone. This is different
from Drosophila and other long-germ insects that form all
segments simultaneously. The way of segment formation in
Glomeris is equivalent to the so-called short germ band
mode of development. Short germ band development is seen
in most arthropods, ranging from insects and crustaceans to
myriapods and chelicerates (Davis and Patel, 2002; Hughes
and Kaufman, 2002; Kettle et al., 2003; Tautz et al., 1994).Long germ band development on the other hand is found in
higher insects only and is thought to be a derived character.
The appearance of dorsal segments reveals additional
aspects of segment formation in Glomeris. The anterior
segments (up to fourth trunk segment) at first consist of
ventral ectoderm only and develop their dorsal portion at a
later stage of embryogenesis, while the posterior segments
(fifth to eighth trunk segments) are equipped with both
ventral and dorsal tissue the instant of their formation.
Three groups of segments can thus be distinguished in
Glomeris. First, the segments up to the first trunk segment
that form by subdivision of the regio germinalis and that
develop their dorsal tissue later in development. Second,
trunk segments 2–4 that form sequentially from the prolif-
eration zone and, similar to the first group, develop their
dorsal tissue later. The segments of the third group (trunk
segments 5–8) form sequentially from the proliferation
zone, similar to group 2, but consist of both ventral and
dorsal tissue at the moment of their appearance. So far, it is
unclear whether the boundaries among these three groups of
segments correspond to functional developmental bound-
aries. The boundary between the fourth and fifth trunk
segments (group 2 and 3) corresponds to a rather pro-
nounced morphological boundary in Glomeris and most
other diplopod species, that is, the transition between
haplosegments and diplosegments. The boundary between
the first and second trunk segments (group 1 and 2) does not
correlate with any obvious morphological boundary in
Glomeris, but does so in other myriapod groups where it
often correlates with a change of appendage morphology.
Fig. 9. Schematic summary of gene expression patterns and possible
regulatory mechanisms. (A) Summary of segment-polarity gene expression
in the ventral and dorsal segments of Glomeris. (B) Correlation of dorsal
and ventral segments and gene expression in the Glomeris trunk. Illustrated
are trunk segments 1–8 on the ventral (‘‘V’’) side and the corresponding six
dorsal (‘‘D’’) segments. Note that the drawing is simplified and the
segments are not drawn to scale. (C) Assumed regulatory interactions of the
studied segment-polarity genes in the ventral epidermis of Glomeris based
on the known interactions in Drosophila. Rectangles denote cells; circles
denote nuclei. The expression data in Glomeris are consistent with a similar
regulatory HH/WG loop in the ventral epidermis in Glomeris as operating
in Drosophila: cells that express en and hh secrete HH protein that signals
to anteriorly adjacent cells. These receive and transmit the signal; the wg
gene becomes activated via ci and the secreted WG protein signals back to
the cells posterior to maintain en and hh expression. Drawing modified
from Gilbert (1997). (D) A modified loop is hypothesized to operate in the
dorsal epidermis of Glomeris, the difference being that the cells located
posterior to the en/hh-expressing cells are competent for the HH signal.
Similar to the ventral situation, the Hedgehog protein could activate signal
transduction via Gm-ci in posteriorly adjacent cells. However, to close the
loop, another signal (hypothetical protein ‘‘X’’) is required.
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The most remarkable outcome of our study is that the
segment-polarity gene homologs show differential expres-
sion on the dorsal and ventral side of the Glomeris embryo.
Three of the analyzed genes (Gm-en, Gm-hh, and Gm-ci) are
expressed in segmentally iterated patterns on both the
ventral and the dorsal side, but at different intrasegmental
positions (Fig. 9A, B). Furthermore, the Glomeris wg gene
is expressed ventrally but not dorsally. The expression
patterns suggest that these genes are regulated differently
at the ventral and dorsal surface of the embryo, implying
that a disassociation of dorsal and ventral segmentation
exists in Glomeris. Dorsoventral differences in gene regu-
lation are also known from Drosophila, but they do not
result in such conspicuous morphological dorsoventral dif-
ferences as in diplopods like Glomeris. Several key regu-
lators of segmentation are differently regulated along the
dorsoventral axis in Drosophila. For instance, en shows
differential dorsoventral sensitivity to the loss of extraden-
ticle function (Peifer and Wieschaus, 1990), and consistent
with this, dorsoventral differences in en-promoter activity
have been demonstrated (DiNardo et al., 1988). In addition,
there is a dorsoventral discrepancy in the regulation of wg.
Removal of hh function in embryos 4 h after egg laying and
older results in the loss of wg expression in almost the entire
ventral epidermis, but not in the dorsal epidermis (Burato-
vich et al., 2000; Heemskerk and DiNardo, 1994). The
maintenance of wg expression also shows dorsoventral
differences; gooseberry is required for maintaining the
ventral, but not the dorsal expression of wg, whereas activity
of the ladybird genes is required for wg expression on the
dorsal, but not on the ventral side (Jagla et al., 1997).
Another example comes from the periodicity of fushi-tarazu
(ftz) stripes that is even on the ventral side of early
Drosophila embryos, but is irregular on the dorsal side,
presumably caused by the activation of ftz at different time
intervals on the dorsal and the ventral side (Carroll et al.,
1987). Thus, there are several pieces of genetic evidence for
dorsoventral differences in the regulation of segmentation
genes in Drosophila.
Dorsoventral differences concerning segmentation gene
expression have also been reported in other arthropods: the
notostracan crustacean Triops longicaudatus (Nulsen and
Nagy, 1999), the spider Cupiennius salei (Damen, 2002),
and the millipede G. marginata (this study). Most intrigu-
ingly, the gene expression differences in Triops and Glom-
eris correlate with dorsoventral differences in the number of
segmental morphological structures like leg pairs and ter-
gites. In Glomeris, one tergite covers two leg pairs in the
posterior trunk, but in Triops one tergite can be associated
with up to six pairs of legs. Thus, both morphologically
(multiple leg pairs per dorsal tergite) and genetically (dif-
ferential gene expression), the conditions in the myriapod
Glomeris and the crustacean Triops are strikingly similar
and suggest a decoupling of dorsal and ventral segmenta-tion. This may not be restricted to these special cases as
similar conditions are also found elsewhere in arthropods.
Almost all progoneate myriapods display incongruity in the
number of ventral sternites and dorsal tergites. Diplopods,
including Glomeris, and most pauropods have less tergites
than sternites, whereas symphylans have more tergites than
sternites. Comparable disassociation between dorsal and
ventral segmentation exists in other notostracan crustaceans
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display dorsoventral discrepancies (Chen et al., 1995; Ram-
sko¨ld et al., 1996, 1997; Shear, 1997).
All these data suggest a decoupling of dorsal and ventral
segmentation. This decoupling might even be an ancestral
feature in arthropods as dorsoventral differences in gene
regulation or morphology are found in arthropods as diverse
as insects, chelicerates, myriapods, crustaceans, and ‘‘trilo-
bitomorphs’’. In most cases, however, dorsal and ventral
segmentations are apparently coordinated with each other,
leading to identical numbers of dorsal and ventral segments
as known from most arthropods.
Conservation of maintenance of the parasegment
boundaries in the ventral ectoderm
In Glomeris, the expression patterns of en, hh, wg, and
ci in the ventral ectoderm are very similar to Drosophila
and other arthropods (e.g., Damen, 2002; Hughes and
Kaufman, 2002; Martinez Arias, 1993; Nagy and Carroll,
1994; Niwa et al., 2000; Patel et al., 1989). Transcripts of
en and hh colocalize to posterior cells of each ventral
segment in Glomeris, whereas wg and ci are expressed in
anteriorly adjacent cells. These patterns are compatible
with a conserved reciprocal regulatory loop between en-
and wg-expressing cells on either side of the parasegment
boundary, as known from Drosophila (Fig. 9C). In Dro-
sophila, this parasegment boundary is maintained by the
mutual interaction of wg/ci-expressing cells and en/hh-
expressing cells (reviewed in Gilbert, 1997). The HH
protein is secreted by the en/hh-expressing cells and
activates ci in anteriorly responding cells leading to ex-
pression of wg in these cells. The WG protein is then
segregated and signals back to posteriorly responding cells
resulting in the activation of en and hh. This reciprocal
loop stabilizes the transcription of wg and en in adjacent
cells and defines the parasegment boundary that forms the
basis for the metameric organization of the Drosophila
body (Lawrence, 1981; Martinez-Arias and Lawrence,
1985). The fact that hh, wg, and ci expression ceases in
older segments in Glomeris suggests that at this time
activation of en has become independent of the mainte-
nance loop involving HH and WG signaling. This is
reminiscent of the transition in Drosophila from the wg/
en maintenance loop to wg independent autoregulation of
en (Heemskerk et al., 1991). Thus, both the parasegment
boundary and the mechanism maintaining it are apparently
conserved in the ventral epidermis of Glomeris, which is
also consistent with findings in other arthropod species
(Damen, 2002; Hughes and Kaufman, 2002).
The diverged dorsal expression patterns coincide with
developmental boundaries of the tergite borders
In contrast, the expression patterns of these genes in the
dorsal ectoderm differ significantly from the conservedventral expression patterns (Fig. 9A). First, en and hh do
not localize to posterior cells, but to cells approximately in
the middle of the dorsal morphologically segmental units as
delimited by intersegmental grooves. Second, ci is
expressed in posteriorly adjacent cells, not anterior to the
en/hh-expressing cells. Third, neither wg nor one of the
other analyzed Wnt genes (Gm-Wnt5 and Gm-Wnt7) is
expressed in the dorsal segments at all. The intrasegmental
position of en and hh expression as well as the lack of ci and
wg/Wnt expression anterior to the en/hh expression suggests
that the HH/WG reciprocal loop that defines the paraseg-
ment boundaries in the ventral ectoderm does not act in the
dorsal ectoderm of Glomeris. Thus, the regulatory interac-
tions in the dorsal ectoderm must be different from the ones
on the ventral side.
Despite these differences, also at the dorsal side, the
boundary between en/hh and the posterior ci-expressing
cells forms an important developmental boundary as it
coincides with the future tergite borders. Based on the
expression patterns, one might speculate on the role of these
genes in defining the tergite borders in the dorsal ectoderm
of Glomeris. As much as in the ventral ectoderm, en and hh
are coexpressed also in the dorsal ectoderm, but there is no
ci expression anterior to the en/hh-expressing cells, but
posterior (Fig. 9A). Hedgehog signaling might thus activate
ci in posterior instead of anterior cells. At the moment, it is
entirely unclear whether the ci-expressing cells signal back
to the anterior en/hh-expressing cells, but this seems likely
because mutual cell-to-cell communication is a common
theme in boundary formation in many developmental con-
texts. Unfortunately, we were not able to identify a candi-
date signal (‘‘X’’ in Fig. 9D) in the ci-expressing cells.
Given the mechanism of parasegment formation in Dro-
sophila, wg or another Wnt gene would be the first choice
candidate, but we could not detect any expression of the
identified Wnt genes in the dorsal ectoderm. Future research
has to elucidate whether indeed such a reciprocal signaling
loop that is defining the tergite borders exists in the dorsal
epidermis of Glomeris and, if so, what molecules are
involved. In any case, the expression patterns make clear
that the border between en/hh- and ci-expressing dorsal cells
coincides with an important morphological boundary, that
is, the tergite borders.
Sternite–tergite correlation in Glomeris and other
diplopods
The discovery of dorsoventral patterning differences in
Glomeris made us reconsider the existing theories on the
presence of haplosegments and diplosegments in Diplo-
poda. In the trunk, one has to discriminate between dorsal
and ventral segments, which are patterned differently. One
result is that the tergite borders do not correspond directly to
either ventral or dorsal segment borders. These findings
facilitated a critical reinvestigation of previous attempts to
correlate tergites, sternites, leg pairs, and body segments.
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diplopods is currently discussed controversially (Wilson,
2002 and references therein). In basal diplopods (e.g.,
Pentazonia including Glomeris), the tergites are free and
correlate with ventral elements (sternites, legs) in an unclear
manner. One hypothesis (Figs. 10A and B) is based on
derived diplopods (e.g., Juliformia, Polydesmida) (see Wil-
son, 2002). In these diplopods, dorsal and ventral elements
are fused into rigid cuticular rings. The first tergite behind
the head capsule, tergite I or collum, is free and is thought to
cover the postmaxillary segment (see discussion in Dohle,
1974). All following tergites are fused with ventral skeletal
elements into rings. The first three of these rings each bear a
single pair of legs, but the following rings have two pairs of
legs each (Fig. 10B). If this correlation is taken as an
indicator of tergite–leg correlations, then tergite II corre-
lates with leg pair 1, tergite III with leg pair 2, tergite IV
with leg pair 3, tergite V with leg pairs 4 and 5, and tergite
VI with leg pairs 6 and 7 (Fig. 10A). Most conspicuous here
is that the anterior tergites II, III, and IV correlate with only
one leg pair, but starting with tergite V, each tergite
correlates with two leg pairs and thus appears to cover
two segments. The latter tergites are termed diplotergites
and define the location of the diplosegments. The leg
bearing segments 4 and 5 therefore form the first diploseg-
ment. A possible pitfall of this hypothesis is that the fusion
of the ventral and dorsal elements into rings in the ring-
forming diplopods is a highly derived process and therefore
the resulting rings may not reflect the ancestral underlying
body architecture.
Another hypothesis that tries to circumvent this problem
derives from embryological data and leads to a different
outcome (Figs. 10C and D). Dohle (1964, 1974) has studied
the embryology of several diplopod species and has found
that the trunk segments develop dorsal extensions (lateralFig. 10. Sternite– tergite correlation in basal and derived (ring-forming) diplopod
identified by trunk segment in Arabic numbers (1–8). For details on the models,
tergites and sternites are fused into rings in ring-forming species (B, elements of th
ring-forming diplopods (A). (C and D) Model based on the developmental orig
hypothetical extrapolation to ring-forming diplopods that demands a shift in the fu
on embryology and gene expression. (E) We confirm the presence of joint dorsal po
the diplosegments. However, tergite boundaries coincide with roughly the middle o
no direct correlation between tergites and segments in the sense that a tergite can
formation of rings each tergite fuses with the spatially correlating ventral element
adult ring-forming species. Abbreviations: hd, remaining part of the head; max, mplates). The first four leg-bearing segments each develop a
single dorsal extension, but segments 5 and 6 develop one
single lateral plate together. The same is true for the
following leg-bearing segments (Fig. 10C). Dohle conse-
quently regards these segment pairs, starting with leg-
bearing segments 5–6, as diplosegments, whereas the more
anterior segments are haplosegments. He attributes the first
diplotergite (tergite V) to the first diplosegment (leg-bearing
segments 5 and 6) and then has to assign the preceding four
haplotergites (tergite I to tergite IV) to the preceding four
haplosegments (leg-bearing segments 1–4) (Fig. 10C). This
notion of tergite legs assignment very obviously contradicts
the situation present in adult ring-forming species. For
example, tergite II now correlates with leg pair 2, but in
ring-forming species this tergite is clearly integrated into the
ring bearing leg pair 1. Therefore, Dohle assumes that his
proposed tergite–leg correlation is conserved only in basal
forms with free tergites, but that in ring-forming species
tergites and sternites fuse in a shifted manner during ring
formation (Fig. 10D). Thus, the process of ring-formation in
ring-forming species supposedly secondarily obscures the
underlying ancestral tergite–leg correlation present in non-
ring-forming species.
Our results now provide an answer why the two ap-
proaches lead to incompatible results. Dorsal and ventral
segmentation is decoupled and therefore dorsal and ventral
ectoderm has to be considered separately. One important
outcome is that the borders between the tergites do not
correspond to the borders between the segments, neither the
ventral nor the dorsal ones. Thus, the erroneous notion that
tergite borders must always correspond to segment borders
led to the inconsistencies in earlier models of tergite–leg
correlations summarized above. The tergites in Glomeris
consistently span from the middle of one dorsal embryonic
segmental unit to the middle of the next dorsal embryonics. Tergites are denoted by roman numerals (I–VI). Sternites and legs are
please see text. (A and B) Model based on adult morphology and the way
e same shade of gray form one ring) and hypothetical extrapolation to non-
in of the dorsal and ventral segmental units in a basal diplopod (C) and
sion of dorsal and ventral exoskeletal plates (D). (E and F) Our model based
rtions of trunk segments 5–6 and 7–8, thus determining the true location of
f the dorsal segments, rather than with segment borders. (F) Because there is
be attributed to a specific ventral or dorsal segment, we suggest that for the
s. This would lead to the tergite– leg pairs correlation actually observed in
axillary segment; pmx, postmaxillary segment; t, telson.
R. Janssen et al. / Developmental Biology 268 (2004) 89–104 103segmental unit (Fig. 10E). Because one dorsal segment can
correlate with one or with two ventral segments, a tergite
can cover up to two complete ventral segments (tergite VI),
but most tergites cover the posterior half of one ventral
segment and the anterior half of the following one (tergites
II, III, and IV). Tergites I and V are special in that both span
one and a half ventral segments.
In previous models, diplosegments are defined as a set of
two segments being covered by a diplotergite, whereas
haplosegments are defined as a single segment covered by
a haplotergite. Our results show that the tergite borders do
not correlate directly with the segment borders. Therefore,
the terms haplotergite and diplotergite cannot be applied in
their original sense. Consequently, we cannot use ‘‘diplo-
tergites’’ as indicators of diplosegments. We suggest that the
term diplosegment is to be applied exclusively to sets of two
ventral segments correlating with one dorsal segment. The
term haplosegment is then to be used for single ventral trunk
segments that correlate with a single dorsal segment. Ac-
cordingly, the Glomeris trunk consists of four haploseg-
ments, followed by diplosegments. The first diplosegment is
the set of ventral trunk segments 5 and 6, consistent with the
findings of Dohle (1964, 1974).
Does our model explain the situation in derived ring-
forming species? Again, the fact that tergites and sternites
do not correlate directly may provide the answer (see Figs.
10E and F). We suggest that the posterior tergites fuse with
their counterparts on the ventral side (e.g., tergite VI fuses
with sternites of ventral segments 6 and 7, thus forming a
single ring with two pairs of legs). By contrast, the anterior
tergites are shifted relative to the ventral segments (Fig.
10E). To form a ring, each tergite therefore has to
‘‘choose’’ between one of two alternatives (e.g., tergite II
may either fuse with the sternite of ventral trunk segment 1
or with that of segment 2). Obviously, the tergites fuse
with the anterior alternative: tergite II fuses with the
sternites of ventral trunk segment 1, and so forth. Tergite
I remains free and forms the collum. Taken together, this
mode of fusion of exoskeletal parts leads to a free collum,
followed by three rings with one leg pair, which are then
followed by rings with two pairs of legs each (Fig. 10F).
This is the actual situation in ring-forming species and it
has been derived from the situation in non-ring-forming
species (Fig. 10E). Thus, the underlying bauplan of the
trunk in ring-forming species is not different from non-
ring-forming species and still consists of four haploseg-
ments, which are followed by several diplosegments. In
the past, the seemingly different trunk architecture in ring-
forming and non-ring-forming species has caused much
confusion. To avoid further confusion caused by the
presence of four single-legged segments, but only three
single-legged rings, we propose to use the terms haploseg-
ment and diplosegment exclusively for the true body
segments (as described above), whereas the terms haplor-
ing and diploring should be used for cuticular rings (in
adult animals) with one and two pairs of legs, respectively.Acknowledgments
We thank Wolfgang Dohle for very helpful discussions
and specialist advice on the development and segment
formation in G. marginata. We would further like to thank
Diethard Tautz for his continuous support of our work and
Michael Schoppmeier for critical reading of the manuscript.
We also thank Hilary Dove for providing the Glomeris
RACE template. The work of W.D. was supported by a
DFG grant (Da526/1-1 and Da526/1-2) and the work of
N.-M.P. was supported by a DFG grant (TA99/19-1).References
Altschul, S.F., Madden, T.L., Scha¨ffer, A.A., Zhang, J., Zhang, Z., Miller,
W., Lipman, D.J., 1997. Gapped BLAST and PSIBLAST: a new gen-
eration of protein database search programs. Nucleic Acids Res. 25,
3389–3402.
Bejsovec, A., Martinez Arias, A., 1991. Roles of wingless in patterning the
larval epidermis of Drosophila. Development 113, 471–485.
Benson, D.A., Karsch-Mizrachi, I., Lipman, D.J., Ostell, J., Wheeler, D.L.,
2003. GenBank. Nucleic Acids Res. 31, 23–27.
Bokor, P., DiNardo, S., 1996. The roles of hedgehog, wingless and lines in
patterning the dorsal epidermis in Drosophila. Development 122,
1083–1092.
Brown, S.J., Denell, R.E., 1996. Segmentation and dorsoventral patterning
in Tribolium. Semin. Cell Dev. Biol. 7, 553–560.
Buratovich, M.A., Anderson, S., Gieseler, K., Pradel, J., Wilder, E.L.,
2000. DWnt-4 and wingless have distinct activities in the Drosophila
dorsal epidermis. Dev. Genes Evol. 210, 111–119.
Carroll, S.B., Winslow, G.M., Twombly, V.J., Scott, M.P., 1987. Genes
that control dorsoventral polarity affect gene expression along the
anteroposterior axis of the Drosophila embryo. Development 99,
327–332.
Chen, J.Y., Edgecombe, G.D., Ramsko¨ld, L., Zhou, G.Q., 1995. Head
segmentation in early Cambrian Fuxianhuia: implications for arthropod
evolution. Science 268, 1339–1343.
Damen, W.G.M., 2002. Parasegmental organization of the spider embryo
implies that the parasegment is an evolutionary conserved entity in
arthropod embryogenesis. Development 129, 1239–1250.
Damen, W.G.M., Weller, M., Tautz, D., 2000. The expression patterns of
hairy, even-skipped, and runt in the spider Cupiennius salei imply that
these genes were segmentation genes in a basal arthropod. Proc. Natl.
Acad. Sci. U. S. A. 97, 4515–4519.
Davis, G.K., Patel, N.H., 2002. Short, long, and beyond: molecular and
embryological approaches to insect segmentation. Annu. Rev. Entomol.
47, 669–699.
DiNardo, S., Sher, E., Heemskerk-Jongens, J., Kassis, J.A., O’Farrell, P.H.,
1988. Two-tiered regulation of spatially patterned engrailed gene ex-
pression during Drosophila embryogenesis. Nature 332, 604–609.
Dohle, W., 1964. Die Embryonalentwicklung von Glomeris marginata
(Villers) im Vergleich zur Entwicklung anderer Diplopoden. Zool.
Jahrb. Anat. 81, 241–310.
Dohle, W., 1974. The segmentation of the germ band of Diplopoda com-
pared with other classes of arthropods. Symp. Zool. Soc. London 32,
143–161.
Dohle, W., 1996. Progoneata. In: Westheide, W., Rieger, R. (Eds.), Spe-
zielle Zoologie Teil 1, Einzeller und Wirbellose Tiere. Gustav Fischer,
Verlag, Stuttgart, pp. 592–600.
Duboule, D. (Ed.), 1994. Guidebook to the Homeobox Genes. Oxford
Univ. Press, New York, pp. 1–284.
Emerson, M.J., Schram, F.R., 1990. The origin of crustacean biramous
appendages and the evolution of arthropoda. Science 250, 667–669.
R. Janssen et al. / Developmental Biology 268 (2004) 89–104104Enghoff, H., Dohle, W., Blower, J.G., 1993. Anamorphosis in millipedes
(Diplopoda)—The present state of knowledge with some developmental
and phylogenetic considerations. Zool. J. Linn. Soc. 109, 103–234.
Gilbert, S.F., 1997. Developmental Biology, fifth ed. Sinauer Associates,
Sunderland, MA, pp. 565–569.
Gonzalez, F., Swales, L., Bejsovec, A., Skaer, H., Martinez Arias, A., 1991.
Secretion and movement of wingless protein in the epidermis of the
Drosophila embryo. Mech. Dev. 35, 43–54.
Greco, V., Hannus, M., Eaton, S., 2001. Argosomes: a potential vehicle for
the spread of morphogens through epithelia. Cell 106, 633–645.
Hatini, V., DiNardo, S., 2001. Divide and conquer: pattern formation in the
Drosophila embryonic epidermis. Trends Genet. 17, 574–579.
Heemskerk, J., DiNardo, S., 1994. Drosophila hedgehog acts as a morpho-
gen in cellular patterning. Cell 76, 449–460.
Heemskerk, J., DiNardo, S., Kostriken, R., O’Farrel, P.H., 1991. Multiple
modes of engrailed regulation in the progression towards cell fate de-
termination. Nature 352, 404–410.
Henikoff, S., Henikoff, J.G., 1992. Amino acid substitution matrices from
protein blocks. Proc. Natl. Acad. Sci. U. S. A. 89, 10915–10919.
Hoch, M., Pankratz, M.J., 1996. Control of gut development by fork head
and cell signaling molecules in Drosophila. Mech. Dev. 58, 3–14.
Hughes, C.L., Kaufman, T.C., 2002. Exploring myriapod segmentation: the
expression patterns of even-skipped, engrailed, and wingless in a cen-
tipede. Dev. Biol. 247, 47–61.
Inoue, Y., Niwa, N., Mito, T., Ohuchi, H., Yoshioka, H., Noji, S., 2002.
Expression patterns of hedgehog, wingless, and decapentaplegic dur-
ing gut formation of Gryllus bimaculatus (cricket). Mech. Dev. 110,
245–248.
Jagla, K., Jagla, T., Heitzler, P., Dretzen, G., Bellard, F., Bellard, M., 1997.
Ladybird, a tandem of homeobox genes that maintain late wingless
expression in terminal and dorsal epidermis of the Drosophila embryo.
Development 124, 91–100.
Kettle, C., Johnstone, J., Jowett, T., Arthur, H., Arthur, W., 2003. The
pattern of segment formation, as revealed by engrailed expression, in
a centipede with a variable number of segments. Evol. Dev. 5, 198–207.
Klingler, M., Tautz, D., 1999. Formation of embryonic axes and blastoderm
pattern in Drosophila. In: Russo, V.E.A., Cove, D.J., Edgar, L.G., Jae-
nisch, R., Salamini, F. (Eds.), Development, Genetics, Epigenetics and
Environmental Regulation. Springer, Berlin, pp. 311–330.
Kraft, R., Ja¨ckle, H., 1994. Drosophila mode of metamerization in the
embryogenesis of the lepidopteran insect Manduca sexta. Proc. Natl.
Acad. Sci. U. S. A. 91, 6634–6638.
Lawrence, P.A., 1981. The cellular basis of segmentation in insects. Cell
26, 3–10.
Martinez Arias, A., 1993. Development and patterning of the larval epi-
dermis of Drosophila. In: Bate, M., Martinez Arias, A. (Eds.), The
Development of Drosophila melanogaster. Cold Spring Harbor Labo-
ratory Press, Cold Spring Harbor, NY, pp. 517–608.
Martinez-Arias, A., Lawrence, P.A., 1985. Parasegments and compartments
in the Drosophila embryo. Nature 313, 639–642.
Minelli, A., 2001. A three-phase model of arthropod segmentation. Dev.
Genes Evol. 211, 509–521.
Nagy, L.M., Carroll, S., 1994. Conservation of wingless patterning func-
tions in the short-germ embryos of Tribolium castaneum. Nature 367,
460–463.
Niwa, N., Inoue, Y., Nozawa, A., Saito, M., Misumi, Y., Ohuchi, H.,
Yoshioka, H., Noji, S., 2000. Correlation of diversity of leg morphology
in Gryllus bimaculatus (cricket) with divergence in dpp expression
pattern during leg development. Development 127, 4373–4381.
Nulsen, C., Nagy, L.M., 1999. The role of wingless in the development of
multibranched crustacean limbs. Dev. Genes Evol. 209, 340–348.
Pankratz, M.J., Hoch, M., 1995. Control of epithelial morphogenesis by
cell signaling and integrin molecules in the Drosophila foregut. Devel-
opment 121, 1885–1898.Patel, N., 1994. The evolution of arthropod segmentation: insights from
comparisons of gene expression patterns. Dev. Suppl. 1994, 201–207.
Patel, N.H., Kornberg, T.B., Goodman, C.S., 1989. Expression of engrailed
during segmentation in grasshopper and crayfish. Development 107,
201–212.
Peifer, M., Wieschaus, E., 1990. Mutations in the Drosophila gene extra-
denticle affect the way specific homeo domain proteins regulate seg-
mental identity. Genes Dev. 4, 1209–1223.
Prpic, N.M., Tautz, D., 2003. The expression of the proximodistal axis
patterning genes Distal-less and dachshund in the appendages of
Glomeris marginata (Myriapoda: Diplopoda) suggests a special role
of these genes in patterning the head appendages. Dev. Biol. 260,
97–112.
Ramsko¨ld, L., Chen, J.Y., Edgecombe, G.D., Zhou, G.Q., 1996. Preserva-
tional folds simulating tergite junctions in tegopeltid and naraoiid
arthropods. Lethaia 29, 15–20.
Ramsko¨ld, L., Chen, J.Y., Edgecombe, G.D., Zhou, G.Q., 1997. Cindarella
and the arachnate clade Xandarellida (Arthropoda, Early Cambrian)
from China. Trans. R. Soc. Edinburgh: Earth Sci. 88, 19–38.
Rivera-Pomar, R., Ja¨ckle, H., 1996. From gradients to stripes in Drosophila
embryogenesis: filling in the gaps. Trends Genet. 12, 478–483.
Sanson, B., 2001. Generating patterns from fields of cells. EMBO Rep. 2,
1083–1088.
Scholtz, G., 1997. Cleavage, germ band formation and head segmenta-
tion: the ground pattern of the euarthropoda. In: Fortey, R.A.,
Thomas, R.H. (Eds.), Arthropod Relationships. Chapman & Hall,
London, pp. 317–332.
Shear, W.A., 1997. The fossil record and evolution of the myriapoda. In:
Fortey, R.A., Thomas, R.H. (Eds.), Arthropod Relationships. Chapman
& Hall, London, pp. 211–219.
Simmonds, A.J., dosSantos, G., Livne-Bar, I., Krause, H.M., 2001. Apical
localization of wingless transcripts is required for Wingless signaling.
Cell 105, 197–207.
Strigini, M., Cohen, S.M., 2000. Wingless gradient formation in the Dro-
sophila wing. Curr. Biol. 10, 293–300.
Strimmer, K., von Haeseler, A., 1996. Quartet puzzling: a quartet maxi-
mum-likelihood method for reconstructing tree topologies. Mol. Biol.
Evol. 13, 964–969.
Swofford, D.L., 2002. PAUP*. Phylogenetic Analysis Using Parsimony
(*and Other Methods). Version 4. Sinauer Associates, Sunderland, MA.
Tabata, T., Eaton, S., Kornberg, T.B., 1992. The Drosophila hedgehog gene
is expressed specifically in posterior compartment cells and is a target of
engrailed regulation. Genes Dev. 6, 2635–2645.
Takashima, S., Muarakami, R., 2001. Regulation of pattern formation in the
Drosophila hindgut by wg, hh, dpp, and en. Mech. Dev. 101, 79–90.
Tautz, D., Pfeifle, C., 1989. A non-radioactive in situ hybridization method
for the localization of specific RNAs in Drosophila embryos reveals
translational control of the segmentation gene hunchback. Chromosoma
98, 81–85.
Tautz, D., Friedrich, M., Schro¨der, R., 1994. Insect embryogenesis—What
is ancestral and what is derived? Development 1994, 193–199
(Supplement).
Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G.,
1997. The CLUSTAL_X windows interface: flexible strategies for mul-
tiple sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 25, 4876–4882.
Wilkie, G.S., Davis, I., 2001. Drosophila wingless and pair-rule transcripts
localize apically by dynein-mediated transport of RNA particles. Cell
105, 209–219.
Wilson, H., 2002. Muscular anatomy of the millipede Phyllogonostreptus
nigrolabiatus (Diplopoda: Spirostreptida) and its bearing on the milli-
pede ‘‘thorax’’. J. Morphol. 251, 256–275.
Zrzavy, J., Stys, P., 1994. Origin of the crustacean schizoramous limb: a re-
analysis of the duplosegmentation hypothesis. J. Evol. Biol. 7, 743–756.
